We derive a formula for the quantum corrections to the electrical current for a metal out of equilibrium. In the limit of linear current-voltage characteristics our formula reproduces the well known Altshuler-Aronov correction to the conductivity of a disordered metal. The current formula is obtained by a direct diagrammatic approach, and is shown to agree with what is obtained within the Keldysh formulation of the non-linear sigma model. As an application we calculate the current of a mesoscopic wire. We find a current-voltage characteristics that scales with eV /kT , and calculate the different scaling curves for a wire in the hot-electron regime and in the regime of full non-equilibrium.
Introduction
Quantum interference effects in disordered metals have been the subject of intensive investigation for over twenty years. For general reviews see [1] [2] [3] . The interference of the scattered electrical waves in the presence of a random potential leads to corrections [4] [5] [6] to the semi-classical formula of the electrical conductivity known from the Drude-Boltzmann theory. The physical implications of these quantum corrections have been extensively discussed in the literature mostly for the equilibrium properties, for which experimental data were available, although a number of non-linear electric field effects have been predicted in the past [2, [7] [8] [9] [10] .
In contrast, non-equilibrium electrical transport has received considerable attention in the field of mesoscopic physics. Examples are the transport in quantum dots [11] , or the shot noise in mesoscopic conductors [12] . In this situation however the majority of the studied phenomena did not involve interference effects.
Our interest in the non-equilibrium properties of interference phenomena originated by the suggestion [13] that the non-equilibrium electric noise could be the origin for the low temperature saturation of the weak localization dephasing time observed in disordered films and wires [14] . Mohanty et al. [15] pointed out that in the samples with the strongest dephasing rate also the interaction correction (Altshuler-Aronov) to the conductivity saturates at low temperature. This suggests that also the Altshuler-Aronov correction should be affected by the non-equilibrium noise. Similar speculations concerning a e-mail: peter.schwab@physik.uni-augsburg.de an electric field effect on the Altshuler-Aronov correction have also been made earlier by different authors in different contexts [16, 17] .
This motivated us to study the interaction correction in the presence of an external field. In analogy to the analysis performed in the literature for weak localization [2], we calculated the interaction correction to the current in the presence of a time dependent vector potential, assuming a thermal distribution function [18] . Indeed we verified the above-mentioned speculations since we found an electric field effect. However, contrary to what is known in the case of weak localization, where the strongest effect occurs when the period of the AC field is of the order of the dephasing time, we found a suppression of the interaction correction even by static electric fields. These findings have however raised the issues of the possibility of experimentally observing the effect and of its physical interpretation. Both these questions will be addressed in this paper.
Let us comment first the problem concerning the interpretation of the effect. In reference [19] we demonstrated that the non-linear field effect can be understood in terms of dephasing by calculating the phase shifts of the relevant classical paths in the presence of a time dependent vector potential. On the other hand, a static electric field can also be described in terms of a static scalar potential, and it is clear that a static scalar potential does not lead to dephasing. Therefore we think it is of interest to present a version of our theory in the scalar gauge. In this paper we will explicitly show the gauge invariance of our previous results.
The second problem concerns the scale of the effect and its experimental observability. We found in reference [18] 526 The European Physical Journal B that the temperature-dependent Altshuler-Aronov correction to the conductivity saturates when the voltage drop on the thermal length (L T = D/T ) is comparable to the temperature eEL T ∼ kT . From this condition one can estimate the strength of the microwave field that is necessary to explain the saturation of the Altshuler-Aronov correction observed in the experimental data of reference [15] . In so doing one arrives at a microwave field value that is more than an order of magnitude larger than the optimistic estimate given in reference [13] to explain the saturation of the weak localization time. Furthermore it is rather unlikely that the condition eEL T ∼ kT can be reached at low temperature, since strong heating is already assumed to set in when the voltage drop over the electron-phonon length is of order of the temperature. Whether the experimentally observed saturation of the resistance [15] is due to heating or not is hard to decide since the electron temperature has not been measured directly. Similar problems arise also in the attempt to explain the experimental data of references [16, 17] .
Despite the above mentioned problems, we think we cannot rule out non-equilibrium noise as a reason for the observed saturations. In fact, even in the absence of strong heating, the distribution function may deviate from the equilibrium form and affect the interaction correction to the conductivity and possibly lead to saturation at considerably weaker electric fields. A theory which is valid even out of equilibrium will be developed in this paper.
In contrast to our previous work [18] we will avoid to guess the distribution function which could be relevant for the experiments of references [14, 15] . Instead we will calculate the interaction correction in a more controlled situation. Nowadays it is, indeed, possible to create nonequilibrium in a controlled way by, for instance, attaching a short mesoscopic wire to large metallic reservoirs (see e.g. [20] ). In the absence of inelastic scattering processes the distribution function in the wire is a linear superposition of the distribution functions of the leads [21] , at least when only the ensemble averaged distribution function is considered as it is the case here, see also reference [22] for comparison. The interaction correction in such a situation has also been considered by Nagaev [10] at zero temperature and in the recent paper by Gutman and Gefen [23] for finite temperature. We restrict ourselves to nonzero temperature where we verify the result that the I − V characteristics scales as eV /kT . Going beyond the analysis by Gutman and Gefen, we calculate the I − V characteristics explicitly and we will compare quantitatively the wire in non-equilibrium with the wire in the hot electron regime. In addition we will also discuss the interaction correction in the spin triplet channels.
Our paper is organized as follows. In the next section we introduce the basic quantities and recall the main results of the Drude-Boltzmann theory within the Keldysh formalism. In Section 3 we consider the quantum corrections to the conductivity within the Keldysh diagrammatic approach. We derive, in particular, an expression for the current in the presence of an external electric field. In Section 4 we discuss the gauge invariance of the the-ory, while in Section 5 we present a specific application: a mesoscopic wire. Finally in Section 6 we give our conclusions. In the appendices we outline how to obtain the same results using the Keldysh formulation of the non-linear sigma model and we extend the calculations in order to include also the spin effects.
